Monoamine oxidase (MAO) as a source of hy drogen peroxide (H202) was evaluated during ischemia reperfusion in vivo in the rat brain. H202 production was assessed with and without inhibition of MAO during and after 15 min of ischemia. Metabolism of H202 by catalase during ischemia and reperfusion was measured in fore brain homogenates using aminotriazole (A TZ), an irre versible HzOz-dependent inhibitor of catalase. Catechol amine and glutathione concentrations in forebrain were measured with and without MAO inhibitors. During isch emia, forebrain blood flow was reduced to 8% of baseline and HzOz production decreased as measured at the mi croperoxisome. During reperfusion, a rapid increase in H20Z generation occurred within 5 min as measured by a threefold increase in oxidized glutathione (GSSG). The Reactive oxygen species (ROS) have been postu lated to be important in tissue injury after ischemia and reperfusion of the brain and other tissues be cause ROS cause lipid peroxidation and oxidative damage to DNA and proteins. Most of the work in this area has been in tissues other than the CNS, but there is some evidence of ROS generation after ischemia and reperfusion in the brain (Siesj6 et aI.,
and antioxidant enzymes such as superoxide dismu tases (SOD) that form H202 from superoxide anion, and catalase and glutathione peroxidase, which me tabolize H202 by reducing it to water and oxygen (catalase) or water and a disulfide (glutathione per oxidase). Catalase in the brain is found primarily in microperoxisomes while approximately two-thirds of the glutathione peroxidase is found in the cytosol and one-third in the mitochondrial compartment (Halliwell and Gutteridge, 1989) .
During conditions of ischemia and reperfusion, but particularly during reperfusion, cellular oxidant damage may increase by several mechanisms in volving increased ROS production and depletion of the antioxidant systems. Under these circum stances, normally occurring reactions may produce more ROS than the cell can handle, resulting in ox idative stress. One enzymatic reaction that may be enhanced upon reperfusion is catalyzed by MAO:
Increased catecholamine availability during isch emia-reperfusion, and hyperoxia during reperfu sion, may lead to supranormal H202 production by this reaction.
In order better to understand the role of ROS in CNS ischemia-reperfusion injury, we have studied the production and metabolism of H202 in vivo.
Measurement of H202 production is useful for sev eral reasons. First, superoxide anion is difficult to measure in vivo and is rapidly reduced to H202 by SOD. Second, the hydroxyl radical, which is highly unstable, may be formed from a superoxide-driven Fenton reaction:
Finally, H202 may be the primary ROS produced during reperfusion of the brain.
The concept of primary H202 generation in the brain is supported by work in various systems. One in vitro study has shown that augmentation of do pamine metabolism increased H202 production via MAO (Maker et aI., 1981) . Catecholamine release is known to increase during brain ischemia (Globus et aI., 1987 (Globus et aI., ,1988 (Globus et aI., ,1989 Bhardwaj et aI., 1990 ; Damsa et aI., 1990; Boulu et aI., 1991) . Additionally, a study of CNS O2 toxicity from our laboratory showed that inhibition of MAO with pargyline protected rats from convulsions and led to decreased H202 pro duction in the brain (Zhang and Piantadosi, 1991) .
Therefore, we hypothesized that MAO contributes J Cereb Blood Flow Metab, Vol. 13, No. I, 1993 to increased H202 production in the brain during ischemia and reperfusion, and MAO inhibition would decrease H202 production and perhaps exert protective effects on survival and histology. Using a bilateral carotid occlusion method combined with systemic hypotension to induce CNS ischemia and reperfusion in the rat, we have measured oxidative stress in vivo and some of its effects on the known defenses against H202-catalase and the glutathione system. Our results support the hypothesis that ox idativ� deamination of catecholamines by MAO in creases H202 production during reperfusion of the rat brain after ischemia.
METHODS

Animal preparation
Male Sprague-Dawley rats (250--4 00 g) were used. The rats had unlimited access to food and water until shortly before the experiments. They were anesthetized with so dium pentobarbital (50--60 mg/kg i.p.), intubated orotra cheally with a 16 -gauge catheter, and ventilated with room air using a small animal respirator (Edco ventilator, Chapel Hill, NC, U.S.A.). The femoral artery and vein were catheterized with PE-50 tUbing. The systemic arte rial and mean arterial blood pressures were monitored continuously and recorded graphically on a chart re corder (Gould Recorder 481, Oxnard, CA, U.S.A.). The mean arterial pressure also was displayed digitally. Pres sure transducers (Gould TDN-R) were calibrated with a mercury manometer. The carotid arteries were isolated bilaterally and dissected from the vagus nerve. All rats received heparin, 100 units i. v. Arterial blood gases (In strumentation Laboratory Model 813, Lexington, MA, U.S.A.) were monitored periodically to maintain POz >55 mm Hg and a Pc02 of 35-45 mm Hg. All rats remained supine during the experiments. The rectal temperature was maintained as close to 37°C as possible by means of a warming plate and an overhead incandescent bulb. The brain temperature was estimated from the nasopharyn geal temperature measured in several experiments using a microthermistor and was shown to remain above 35°C during ischemia.
All rats used for biochemical measurements received 3-amino-1 ,2,4-triazole (ATZ), 1 g/kg by intraperitoneal in jection. ATZ irreversibly inhibits catalase in the presence of H202 by combining with compound I (catalase-H202) to form an ATZ-catalase-H202 complex. Interventions began 30 min after injection of ATZ, to allow adequate time to achieve high levels of the drug in the brain. Rats treated with MAO inhibitors and studied biochemically received pargyline, 40 mg/kg i.p. and clorgyline, 0.25 mgl kg i.p. 30 min prior to any experimental intervention.
Ischemia protocol
Reversible forebrain ischemia was produced by the two-vessel occlusion model with systemic arterial hy potension . To induce hy potension, the heparinized rats were bled rapidly (over 2-3 min) from the venous line to a mean arterial pressure of 35 mm Hg. A lO-cc heparinized syringe served as a reservoir for withdrawn blood. Immediately after reach ing 35 mm Hg, both carotid arteries were occluded using atraumatic aneurysm clamps. A mean pressure of 35 mm Hg was maintained by withdrawing additional blood or reinfusing blood from the syringe reservoir. Ischemia was maintained for 15 min; then the carotid clamps were re moved and the withdrawn blood was reinfused over 3-4 min. The blood pressure reached preischemic levels by the end of the reinfusion period.
Cerebral blood flow measurements
Forebrain blood flow was measured using colored mi crospheres (E-Z Trac, West Los Angeles, CA, U.S.A.) in five rats. The microspheres were 11.9 ± 1.9 /-Lm in diam eter and were suspended in 0.1 % Thimerosal and 0.025% Tween 80. The use of four different colors allowed four measurements in each animal at baseline, during isch emia, at 5 min of reperfusion, and at 30 min after reper fusion. Rats were anesthetized, intubated, ventilated, and heparinized as described. For injection of microspheres, the left ventricle was cannulated via the right subclavian artery in two rats and the right carotid artery in three rats using PE-IO tubing. Ventricular cannulation was con firmed by a ventricular pressure tracing and at autopsy. An injectate of 0.1 ml containing 500,000 microspheres was administered over 15 s, followed by 0.8 ml of 0.9% saline over 45 s. Reference samples were obtained from the femoral artery at a rate of 0.6 ml/min, beginning 15 s prior to microsphere injection. Only forebrain blood flows were measured. Tissue was prepared as described by Hale et al. (1988) and in the E-Z Trac package. Mi crospheres were counted with a hemocytometer until reaching a minimum of 100 of each color or until all of the suspension fluid was used. The potential for unequal reperfusion of the cerebral hemispheres resulting from using a carotid artery for cannulation of the left ventricle could have affected blood flow in the three rats catheter ized via the carotid artery; however, two animals in which the left ventricle was cannulated through the sub clavian artery yielded similar blood flow results. The ab solute cerebral blood flow during ischemia should not have been affected by the carotid catheters as both com mon carotids were clamped and released during the pro cedure.
Survival and histopathological studies
To evaluate the effects of MAO inhibition on mortality following ischemia and reperfusion, survival studies were performed in three groups of rats. Group I (n = 12) ani mals served as controls. These rats were made hypoten sive to a mean blood pressure of 35 mm Hg for 15 min; however, the carotid arteries were not clamped. Group II rats (n = 18) were made hypotensive and had their ca rotid arteries clamped as described. Group III rats (n = 8) were pretreated with pargyline and SUbjected to hypoten sion and carotid artery occlusion identical to group II. Survival was defined as "alive at 48 h." Two animals died perioperatively, and these were excluded from the study. Animals were ventilated until they showed signs of re covery from the anesthetic; then the arterial and venous catheters were removed, the rats were extubated, and returned to a warming cage. The rats also received gen tamicin, 2 mg (0.05 cc) i.p. Rats surviving 48 h were stud ied histologically. After anesthesia, the brains were per fusion fixed via a catheter placed in one carotid artery first with 0.9% saline (30 cc) followed by 10% phosphate buffered formalin. Brains were kept in formalin for at least 7 days and subsequently in fresh fixative containing 30% (w/v) sucrose for 3 days. Forty-micron frozen sec tions were cut at several levels: 2.2, 1.2, and 0.2 mm anterior to the bregma and 3.14, 5.3, and 9.8 mm posterior to the bregma (Paxinos and Watson, 1982) . Every second section was stained by the silver impregnation procedure of Gallyas et al. (1980) as modified by Crain et al. (1988) . Briefly, the sections were washed with water, pretreated with alkaline ammonium nitrate, impregnated with 0.3-0.35% (w/v) silver nitrate in alkaline ammonium nitrate, treated with ethanolic sodium carbonate/ammonium ni trate solution, and finally developed in Nauta reducer. Adjacent sections were stained with cresyl violet. All sec tions were examined for selective neuronal injury by means of a Leitz Dialux 20 light microscope (Wetzlar, Germany).
Preparation of brain samples for biochemical analysis
After the period of ischemia and reperfusion, one ca rotid artery was cannulated to perfuse the brain with 30 ml of cool saline. The brain was rapidly removed and placed in iced phosphate homogenization buffer as previ ously described (Piantadosi and Tatro, 1990) . The cere bellum and medulla-pons were removed by a coronal sec tion along the inferior colliculus through the cerebral aqueduct. The forebrain was weighed and gently homog enized at 40C in 5 ml of buffer/g of wet weight brain. Homogenized samples were frozen in liquid nitrogen and stored at -70°C.
Measurement of H202 generation
H202 generation was measured in two groups of rats. All rats received intraperitoneal A TZ as described. In group I, control rats (no hypotension or ischemia) were studied at 30 (n = 4), 45 (n = 5), 50 (n = 5), 60 (n = 4), and 75 (n = 4) min after ATZ injection. Group II rats were made ischemic for 15 min from 30 to 45 min follow ing ATZ injection. These rats were studied at 45 (n = 5), 60 (n = 4), and 75 (n = 4) min after ATZ injection. To evaluate the effect of ischemia on H202 generation, cat alase activity remaining in the brain was compared at 45 min between the two groups. To evaluate the H202 gen eration during reperfusion, the catalase activity remaining at 45 min was normalized to a value of 1.0 in both groups. This eliminated the effects of ischemia in group II. The 45 and 75 min time points after ATZ injection represent 0 and 30 min of reperfusion, respectively. The fractional change in catalase activity remaining was compared be tween the two groups as a function of time. Within each group, the catalase activity remaining at each time point was expressed as a percent of the catalase activity pre sent at 45 min after ATZ injection.
The A TZ concentration was measured on a Hitachi spectrophotometer (model U-2000) (Hitachi Instruments, Inc., Danbury, CT, U.S.A.) using a colorimetric assay based on formation of a colored diazotized aminotriazole derivative (Green and Feinstein, 1957) . Brains containing less than 60 /-Lg/g of wet weight of ATZ were not used for measurement of catalase activity to assure that ATZ was not rate limiting in the inactivation of catalase (Yusa et al., 1987) . Measurement of forebrain catalase activity was performed using a polarographic method as previously described (Piantadosi and Tatro, 1990) . Catalase activity was measured at 25°C using 25 mM H202 and was ex pressed as /-Lmol of O2 evolved/min//-Lg of DNA. DNA concentrations were measured fluorometrically (Turner Fluorometer model 112, Unipath, Mountain View, CA, U.S.A.) using the bisbenzimide reaction and single stranded calf thymus DNA as standard (Labarca and Paigen, 1980) .
Glutathione measurements
Oxidized and reduced glutathione concentrations were measured in three groups of rats. All rats were prepared as described and received i.p. ATZ. Group I controls without hemorrhage or ischemia had GSH and GSSG measured at 30 (n = 6) and 75 min (n = 6) after ATZ injection. Group II rats had 15 min of ischemia from 30 to 45 min after ATZ injection. These rats were studied at 45 (n = 5), 50 (n = 6), 60 (n = 4), and 75 min (n = 4) following injection. Group III rats were pretreated with clorgyline (250 f.Lg/kg i.p.) and pargyline (40 mg/kg i.p.) at time O. These rats were studied at 30 (n = 4), 45 (n = 5), 50 (n = 6), 60 (n = 4), and 75 (n = 4) min following injection. The 30-min time point represents the preis chemia baseline after MAO inhibition.
Reduced glutathione (GSH) was derivatized using the monobromobimane reaction, and then separated by HPLC and quantitated using fluorescence spectropho tometry (Anderson, 1985) . Oxidized glutathione (GSSG) was determined spectrophotometric ally (Hitachi model U -2000) by the 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB) recycling assay (Akerboom and Sies, 1981) . N-ethylmaleimide (NEM) was added to the samples to remove GSH. Excess NEM was removed with Sep-Pak extraction filters (Waters Chromatography, Milford, MA, U.S.A.). GSSG results were expressed as pmoUf.Lg of DNA.
Catecholamine measurements
Catecholamines were measured on brain samples from rats used for catalase and glutathione studies. Control values were measured at the 30-and 75-min time points after ATZ injection for both dopamine and norepineph rine. In group II, three or four animals each were studied at times 45, 50, 60, and 75 min. In group III, three or four animals each were used at 30, 45, 50, 60, and 75 min. Norepinephrine and dopamine were measured by HPLC and results reported in ng/g of protein (Mayer and Shoup, 1983) . Protein was measured as described by Lowry et al. (1951) .
Chemicals
Pargyline, clorgyline, ATZ, and all other chemicals re agents were purchased from Sigma Chemical Company (St. Louis, MO, U.S.A.).
Statistical analysis
Statistical analyses were performed using a Statview 512+ (Brain Power, Inc., Calabasas, CA, U.S.A.) com puter software package. Blood flow and catalase data during ischemia were compared with Student's t test. The rate of catalase inactivation during reperfusion was ana lyzed by a one-way analysis of variance (ANOVA). GSH, GSSG, and catecholamine data were analyzed by a one way ANOV A and Scheffe F test. A p value <0.05 was considered significant.
RESULTS
Characteristics of the model
Baseline cerebral blood flow averaged 1. 37 ± 0. 33 ml min -\ g-I . During ischemia, this was re-J Cereb Blood Flow Metab, Vol. 13, No. 1, 1993 duced to 0.11 ± 0.04 ml min -I g-I (8% of baseline).
There was a modest increase in flow above baseline (10%) at 5 min of reperfusion and a return toward baseline at 30 min of reperfusion. These results agree with other studies using this model (Smith et aI., 1984) and with radioactive microsphere studies previously done in this laboratory and by others (Kagstrom et aI., 1983; Lee et aI., 1988) .
The model produced a 67% (12/18) mortality rate at 48 h in rats made ischemic but not pretreated with MAO inhibitors (group II). The control group, bled without carotid artery occlusion (group I), had a 25% (3 of 12) mortality. Of the eight pargyline treated rats (group III), the mortality rate was 87% (only one rat survived 48 h). Fifteen minutes of ischemia and hypotension to a mean arterial pres sure of 35 mm Hg were chosen because preliminary work showed that shortening the time period to 10 min or increasing the mean arterial pressure to 40 mm Hg produced mortality equal to controls. The hemodynamic response to reperfusion was vari able. Most rats showed a transient increase in blood pressure and pulse pressure. There was also a ten dency for rectal and brain temperatures to increase about 1°C during reperfusion.
Histologic examination of the brains of surviving animals showed consistent damage to the CAl re gion of the hippocampus. Damage to other vulner able areas, i.e., cortex and caudate-putamen, was variable. Figure 1 is indicative of the neuronal dam age produced. The pattern of damage produced in the one surviving rat pretreated with pargyline was similar to the untreated rats.
Assessment of oxidative stress
Irreversible inactivation of catalase by ATZ was used to measure H202 production (Sinet et aI., 1980) . Figure 2 shows forebrain catalase activity in control rats (group I) at 30 and 45 min following intraperitoneal injection of ATZ and at 45 min in animals subjected to 15 min of ischemia from 30 to 45 min after ATZ injection. There was a significant preservation of residual catalase activity in the rats subjected to the ischemic period. The increase in remaining catalase activity reflects less inhibition of catalase by H202 production in vivo. This indicates that H202 production during ischemia was de creased substantially at the microperoxisome, the primary location of catalase in the brain.
The rate of catalase inactivation in the presence of excess ATZ is monoexponential with respect to time (Yusa et aI., 1987) . Figure 3 The mean catalase activity remaining at the begin-ning of the reperfusion period was normalized to a value of 1.0. This allowed us to compare the rates of inactivation of catalase in two groups with dissimi lar exposures to that point. The rate of catalase in activation declined more rapidly in group II (having the ischemic period), although the difference in the rates of inactivation by ATZ between the control and ischemia-reperfusion groups was only margin ally significant (p = 0.06). This suggests that the level of oxidative stress at the microperoxisome during reperfusion was increased but was near the limit of detection by the ATZ method.
Glutathione peroxidase, present in the cytosol and mitochondria, is a major defense mechanism against oxidative stress. GSH concentrations are shown in Table 1 . There were no statistically sig- nificant differences between groups. There was a slight decrease in GSH concentration at 5 min of reperfusion that was blunted by MAO inhibitors; however, this change was not significant by the Scheffe F test. Minor changes in glutathione were not totally unexpected because most of the intracel lular glutathione is in the reduced form. Therefore, major increases in GSSG concentration can be seen without impressive reductions in GSH. Figure 4 shows the amount of GSSG present at several time points throughout the experiment. There was no difference between control values (group I) at 30 and 75 min following ATZ injection (n = 6 in each group) so these animals were combined into a single control group (n = 12) for statistical analysis. It can be seen that, at 30 min following injection of pargy- Figure 5 shows forebrain dopamine con centration in the three groups. At all time points, dopamine levels in group III were significantly higher than group I or II. Figure 6 shows the norepinephrine profiles from the forebrain. Although there was a trend toward higher norepinephrine levels at all time points in group III, statistical significance was reached only at 30 min following injection (preischemia baseline in pretreated rats compared to controls) and at 5 min of reperfusion (group III compared to groups I and 11). The higher norepinephrine level (not sta tistically significant) after 15 min of ischemia in group II may reflect increased norepinephrine re lease and decreased catecholamine metabolism dur ing ischemia.
DISCUSSION
In this study, ischemia-reperfusion in the brain of the rat produced significant oxidative stress, as in dicted by H202 production and dealt with primarily Values are mean ± SD in nmol of GSH/fJ,g of DNA.
by the glutathione peroxidase system. This oc curred promptly upon reperfusion, when H202 gen eration was shown to increase rapidly. This oxida tive stress was detectable but not pronounced at the microperoxisome, where ATZ-mediated inhibition of catalase activity decreased during ischemia and only modestly increased above baseline during reperfusion. Most importantly, inhibition of MAO eliminated the evidence of oxidative stress during early reperfusion. T'js implicates MAO activity as a significant source of H202 in CNS ischemia reperfusion.
The three-to fourfold increase in GSSG during reperfusion is quite impressive in the context of its lack of change after MAO inhibition because the measurements were made on whole forebrain ho mogenates. Catecholamine-containing neurons make up only about 1% of the neurons in the CNS (Moore, 1982) , yet this small fraction of the CNS can generate an oxidative burden detectable even with insensitive whole forebrain measurements.
This suggests that local increases in GSSG may be (Moore, 1982) . Similarly, catecholamines may modulate ischemic and postischemic damage in several areas of the brain such as the hippocampus and striatum, which receive catecholamine projections from brainstem nuclei (Globus et aI., 1987; Spatz and Mrsulja, 1990) . These areas are consistently dam aged in models of short-term global ischemia, in cluding ours. Studies using microdialysis coupled to HPLC also have shown that extracellular concen trations of norepinephrine and dopamine increase in the striatum and hippocampus (Globus et aI., 1987 (Globus et aI., , 1988 (Globus et aI., ,1989 Bhardwaj et aI., 1990; Damsa et aI., 1990) and NE in the cortex (Boulu et aI., 1991) dur ing ischemia. Additionally, catecholamine depletion before ischemia and reperfusion has been shown to be protective (Busto et aI., 1985) . H202 is produced in normal brain, and enhanced production has been shown in CNS O2 toxicity (Yusa et al., 1987; Zhang and Piantadosi, 1991 , glutathione reductase will not be able to reform GSH. It is also possible that only a fraction of the mitochondria, e.g., synaptosomal mitochondria of catecholamine-containing neurons, are involved in this mechanism and become damaged. If these mi tochondria support critical neuronal pathways, their damage may lead to CNS dysfunction out of proportion to their small number. Measurement of intramitochondrial glutathione pools may detect changes not seen when whole brain homogenates are analyzed.
The possibility that pargyline eliminates oxida tive stress by a mechanism other than MAO inhibi tion has been considered. Pargyline has no known antioxidant properties (other than inhibiting H202 production) and is not known to be a free-radical scavenger. Pargyline did not interfere with O2 gen eration by catalase acting on rate-limiting concen trations of H202, indicating that pargyline does not scavenge H202 (Zhang and Piantadosi, 1991) . Ad ditionally, anesthesia induced with pentobarbital decreases the cerebral metabolic rate for oxygen and may exert a cerebral protective effect. Some barbiturates may act as ROS scavengers although it is unlikely that this is their major protective action, particularly for pentobarbital (Smith et aI., 1980; Smith, 1990,. It is also possible that we selectively inhibited other sources of ROS with the barbiturate, allowing the MAO activity to stand alone.
There are several reasons why we may not have seen an increase in survival in pargyline-pretreated rats. First, the potential adverse effects of MAO inhibitors are well known, and direct toxicity from biogenic amines may contribute to the toxicity of MAO inhibitors. Second, the combined effects of systemic hypotension and pargyline administration may be detrimental. Finally, it may be that pargy line did not protect because the ischemic injury was too severe or that early H202 production by MAO is only one of several causes of oxidative damage in ischemia-reperfusion.
While the value of MAO inhibitors for cerebral protection during ischemia-reperfusion is uncer tain, these new data support enhanced H202 pro duction by oxidative deamination of catechol-amines as an important source of oxidative stress in brain reperfusion. This observation has clinical im plications involving both focal (e.g., stroke) and global ischemia (e.g., cardiac arrest), where not only is restoration of flow essential but also protec tion from reoxygenation injury. In this regard, cir culatory resuscitation with high-dose epinephrine or other catecholamines to augment tissue perfu sion may enhance flow but increase oxidative stress in brain and perhaps other tissues.
